Bacillus suhtilis Marburg was found to produce an appreciable amount of an antibiotic in a synthetic medium. Antibiotic activity was produced in parallel with cell growth, and production stopped at the end of exponential growth. When the synthetic medium was supplemented with a small amount of Casamino acids, however, antibiotic was made only at the end of growth and in lesser amounts. The ability of cells to produce the antibiotic increased when stringent (re/ + = wild-type) cells underwent a partial stringent response. These conditions also initiated extensive sporulation. An isogenic relaxed (rul) strain produced little antibiotic activity. which decreased under partial amino acid deprivation. In re/' cells, the addition of a low concentration of chloramphenicol, which reduces ppGpp synthesis. also reduced antibiotic synthesis in both normal and amino acid-starved bacteria, without appreciably affecting their growth rate. Guanosine starvation of aguu mutant initiated sporulation, but decreased antibiotic production. The results show that the stringent response initiates both sporulation (differentiation) and antibiotic production (secondary metabolism), but by different mechanisms. It appears that sporulation results from a decrease of GTP. whereas antibiotic synthesis results from a different effect of the stringent response.
INTRODUCTION
Members of the genus Bacillus are known to produce a number of antibiotics. many of which are peptide antibiotics. The mechanism of biosynthesis of these antibiotics has been well studied both in whole cell and cell-free systems (Katz & Demain, 1977) . These bacteria can also produce endospores when the cells encounter adverse environmental conditions such as nutrient limitation. Because of the close relationship between antibiotic production and the ability to sporulate, these phenomena have been studied to uncover the possible role of antibiotics, if any, on sporulation* However, the mechanism of initiation of antibiotic production (so called secondary metabolism) has remained obscure because it is complex. The control of initiation of sporulation is beginning to be understood in Buc.i//ussubti/is, and new biochemical processes and products have been well characterized (Freese, 1981 : Losick, 1981 . Certain experimental conditions used to initiate sporulation of B. suhtilis involved a partial deprivation of intracellular amino acids which produced the 'stringent response', whereby the rates of R N A (especially rRNA) synthesis and of numerous other cellular reactions, including GTP synthesis, are severely reduced (Lopez et d.. 198 I ; Ochi et u/., 198 I ). This effect is accompanied by an increase in the intracellular concentrations of ppGpp (guanosine 5'-diphosphate 3'-diphosphate) and pppGpp (guanosine 5'-triphosphate 3'-diphosphate), compounds believed to he responsible for the stringent response. The stringent response can be avoided by the introduction of a relaxed (re/) mutation, which allows continued R N A synthesis upon amino acid deprivation and prevents the accumulation of ppGpp and pppGpp. A relaxed mutant of B. suhrilis has been isolated by Swanton & Edlin (1972), and Smith et al. (1980) identified it as relA by its inability to produce the 'stringent factor' needed for the synthesis of ppGpp and pppGpp.
with KOH). 2 mM-MgC1,. 0.7 mM-CaCl2, 50 pwMnC12, 5 ~M-FcCI,. 2 pi-thiamin. 55 mM ( = I %, w/v) D glucose. and 20 mM-L-glutamate (adjusted to pH 7.0 with KOH). Auxotrophic requirements were satisfied by addition of 20 mM-L-aspartate or 0.5 mM of other compounds. (The high concentration of aspartate was needed to permit optimal growth because 20 mwglutamate in the medium competed with aspartate for uptake (&hi r f d.,
1981).
Strains were inoculated from frozen cultures onto plates containing tryptose blood agar base (3.3%. wiv). plus 20 mwaspartate for asp strains and 1 mu-guanosine for strain 62018, and incubated for 6-8 h at 37 "C. The cells were inoculated at low OD,,,, (0~002440S) into flasks containing 1/10 of their volume of synthetic medium plus an excess of appropriate nutrients to satisfy any auxotrophic requirements. These precultures were shaken overnight at 37 "C. When the OD,,,, of each culture reached 0-5, the cells were collected, if cell transfer was necessary, by filtration through membrane filters (47 mm diameter, 0.45 pm pore size, Millipore), immediately washed with 10 ml synthetic medium lacking the supplement for which they were to be starved, and suspended in this medium to give OD,,, = 0.5: 10 ml samples were distributed into flaskscontaining various amountsof the supplement and the cultures were incubated at 37 "C with vigorous shaking. Growth was monitored by measuring the OD,,,,,.
Usually, 5 h after transfer, 2 ml samples were removed for the assay of antibiotic produced. Titres of heat-resistant spores were determined 10 h after the transfer.
Detection and assay qfanrihioric ucriiiiya For detection of antibiotic activity, samples (20 PI) were applied onto thin layer sheets (TLC plastic sheet silicagel 60-F-254: Merck Sharp and Dohme. Rahway, NJ, USA) and developed with solvent mixtures of (I) 757; (v/v) 2-propano1, (11) l-butanol saturated with water, or (111) chloroform/methanol/28o~(v/v) ammonia water (2 : 1 : I , by vol., upper layer used). After development (10 t 2 cm) the sheets were placed on a Petri dish. and covered with 10 ml of melted Mueiler-Hinton agar which had been cooled to 43 "C and to which had been added a suitable amount of Staphylococcus uureus. The Petri dish was incubated overnight at 37 "C. and the positions of clear zones of antibiotic activity were determined. The amount of antibiotic produced in the medium was determined by bioassay after removing the cells by centrifugation. Paper discs of 8 mm diameter were soaked with 50 pl samples of the test solution, and placed on antibiotic test platesconsistingof I0 rnlO.9% (w/v) Mueller-Hinton medium plus 1 %agar (sterilized at 120 "C for 10 min) and 0.1 ml S. aureus (grown Overnight in 2% bouillon broth, added to assay medium at 43°C). The diameter of circular haloes around the filter discs was determined after 6 8 h incubation at 37 "C. Antibiotic activity was expressed as units m1-I. One unit ml-I produced a halo of 1.5 mm width (diameter of clear area, I 1 mm). Test solutions were diluted appropriately to produce haloes of this diameter.
Assa~,o/heor-resisronr spores. Titres were determined by heating the diluted cultures for 20 rnin at 75 "C and then plating onto tryptose blood agar base. Assay of profease acririrj. Intracellular protease activity was measured as described by Hageman 8r Carlton (1973) using Casein nach Hammarsten (Merck) as a substrate. Protein was measured by the Lowry method using bovine serum albumin as standard. 
R E S U L T S
Growth and antibiotic production in synthetic medium To study whether the stringent response caused by amino acid deprivation initiates antibiotic formation. we used mainly strain 61884 for the following reasons: (i) among various strains checked, this strain produced the highest antibiotic activity in synthetic medium; (ii) its growth rate could be controlled by preventing active transport of the required aspartate (due to competition with glutamate present in the medium) so that conditions of partial stringent response could be achieved (&hi 41 ai., 1981); (iii) an isogenic re/ strain was available.
The antibiotic activity (against S. aureus) produced in the synthetic medium resulted from a single antimicrobial material, as indicated by thin layer chromatography: RF values of the material were 0-29,0*04 and 0.66 in solvent systems I, I1 and 111, respectively. The material also showed antibiotic activity against Micrococcus tuteus, Escherichia cvli and Candida atbicans, and was not bacitracin. No antibiotic activity was formed inside cells (less than one-fiftieth of the activity observed in the medium). Therefore, only antibiotic activity produced in the medium was measured. The time course of cell growth and antibiotic production in a synthetic medium which contained excess glucose, ammonium ions and phosphate is shown in Fig. 1 (a) . Growth of the culture ceased when the ODboo reached 6.0. The antibiotic activity increased roughly in parallel with growth. The increase in antibiotic activity stopped when growth ceased. In contrast, no antibiotic was produced during growth when the medium was supplemented with 0.3% vitamin-free Casamino acids ( Fig. 1 h) . In this case, antibiotic was produced when cells entered the stationary phase, although the maximum antibiotic activity was only one-third of that produced in the medium without Casamino acids. The effect of Casamino acids could not be attributed to any one specific amino acid, because 17 amino acids tested individually at a concentration of 0.01 : < affected antibiotic production only slightly. Thus, antibiotic production in the synthetic medium supplemented with Casamino acids showed a typical pattern of secondary metabolite synthesis, which usually occurs in early stationary phase. Addition of a large amount (i.e. 2"i',, w,'v) of Casamino acids enhanced the growth of the cells, but inhibited antibiotic production to less than 1 unit ml -after a 24 h incubation (data not shown). To define better the range of conditions that promote antibiotic synthesis and then to relate these to sporulation frequency, we altered carbon or nitrogen sources in the synthetic medium. As shown in Table 2 , any alteration in the carbon or nitrogen sources tested lowered antibiotic production. Sporulation frequency increased about fivefold when 0.20/, instead of I 0 ; glucose was used, but antibiotic production decreased. Phosphate limitation did not increase antibiotic production (Table 2) .
Antibiotic production and spurulation under partial amino ucid duprirutiorr
To study the effect of the stringent response on antibiotic production and sporulation, we used isogenic ret and rei+ strains. The cells of these strains (61883 and 61884) were grown in the synthetic medium supplemented with excess aspartate (20 mM) to OD,,,, = 0.5, collected on Millipore filters and then distributed into two flasks, one containing the same medium and the other containing a limiting amount of aspartate (2 mM) to cause a partial stringent response (in the stringent strain) due to aspartate deprivation. As Table 3 shows, both the antibiotic activity and the spore titre increased remarkably (the antibiotic activity per cell increased 14-fold) in the Changes in the intracellular concentrations of ppGpp, pppGpp and GTP after cell transfer from aspartate-sufficient (20 mM) to aspartate-limiting (1.5 mM) synthetic medium. Strain 61 884, grown in synthetic medium containing 20 mw-aspartate. was washed and transferred to the same medium but containing I .5 mM-aspartate allowing nearly optimal antibiotic production (see Fig. 3 ).
Cell extracts were prepared and evaluated by high performance liquid chromatography. a, ppGpp; 0 .
pppGpp; D, GTP. stringent strain at the limiting concentrations of aspartate. In the presence of excess aspartate the relaxed strain produced only one-sixth of the antibiotic activity of the stringent strain. Moreover, the antibiotic activity even decreased under aspartate limitation (Table 3) . Apparently, the increase of antibiotic activity (and spore titre) in the stringent strain was caused by the stringent response, and not by other metabolic changes resulting from aspartate limitation. This was confirmed by using another stringent strain, 61886, which was an isoleucine auxotroph and for which the supply of isoleucine could be limited by the addition of oxomethylvalerate, a precursor in the biosynthesis of isoleucine, in the medium (Ochi et d., 1981) . Antibiotic activity and antibiotic activity per cell increased threefold and eightfold, respectively, after transfer of cells grown with excess isoleucine (0.5 mM) to a limiting concentration of oxomethylvalerate (0.5 mM). (Maximum growth rate is obtained with 1-5 mhi-oxomethylvalerate due to the presence of the kau mutation.) The changes in the intracellular concentrations of ppGpp, pppGpp and GTP after aspartate limitation in strain 61884 are shown in Fig. 2 . The intracellular concentration of ppGpp was about 4 pmol AMboo -I in the presence ot excess aspartate (20 mM). It increased up to 90 pmol AMboo-10 min after cell transfer into the aspartate-limited medium, and then gradually decreased to a concentration still higher than the initial one. The GTP concentration decreased to 17% of the initial value 10 min after cell transfer (due to inhibition of IMP-dehydrogenase by ppGpp; Lopez et al., 1981), and this value was maintained for at least 1 h. The relaxed strain (not shown) did not produce the marked amount of ppGpp and pppGpp, but showed only a slight increase after aspartate limitation (2-3 pmol ppGpp AMboo-' after 10 rnin). Thus, the relA mutation of strain 61883 was slightly leaky. We also measured the intracellular protease activity after aspartate limitation (2 mM) in the stringent strain 61884: no increase in the specific activity of the intracellular protease was observed, but rather it decreased by 20-30% 3 h after aspartate limitation was imposed.
To study in more detail the effect of the stringent response on antibiotic production, cells were grown in synthetic medium supplemented with excess aspartate, transferred to the medium containing various amounts of aspartate, and incubated for 5 h (Fig. 3) . In this way, the intensity of the stringent response was varied in both the rel and rel' strains. Antibiotic production of the re/+ cells (61 884) increased with decreasing concentration of aspartate, showing a maximum at around 2 mwaspartate; below this concentration, antibiotic production decreased. Extensive sporulation was also observed with 2 mM-aspartate (2.5 x lo7 spores ml-I ) , but not with 0 or 20 mwaspartate (4 x lo? and 7 x 10' spores ml-I , respectively, measured 10 h after cell transfer). Thus, the antibiotic production and sporulation showed a similar dependence on aspartate concentration (see Ochi el al., 1981, for details of sporulation and growth at various concentrations of aspartate). The relaxed strain 61883 showed no increase in antibiotic activity at any of the aspartate concentrations tested (Fig. 3) and no sporulation was observed (not shown) as reported earlier (&hi et ul., 1981) .
The dramatic effect of the stringent response on antibiotic production was confirmed in two other ways. First, the strain 61953 (which shows a rather perfect Rel-phenotype as a result of the relC mutation, and lacks the ability to produce a detectable amount of ppGpp) produced no antibiotic activity during 24 h incubation in synthetic medium supplemented with 0.30//, Casamino acids. Second, we used the fact that I pg chloramphenicol ml-I inhibited the synthesis of both ppGpp and pppGpp without affecting cell growth (Ochi & Freese, 1983) . As shown in Table 4 , the addition of chloramphenicol drastically reduced antibiotic production in the presence of both excess (20 Commitment to antibiotic production with respect to addition of excess aspartate. The stringent strain 61884 was grown in synthetic medium with excess aspartate (20 mM). When the OD,,,, reached 0.5. the cells were washed by filtration and suspended in a synthetic medium containing a limiting amount of aspartate (2 mM) leading to maximal antibiotic production (see Fig. 3 ). Cultures were divided into ten equal portions which were incubated ar 37 "C. At each of the indicated times, aspartate (20 mM. final concn) was added to one of the flasks. Antibiotic activity was determined 5 h after the imposition of aspartate limitation. 
No. of

Anti biot ic acti v if y (units rn1-I)
A sparta te concn C hloramphen icol heat-resistant (mM) ( I pg ml-') spores ml-l limitation was also abolished (Table 4) as reported by Ochi & Freese (1983). Almost no change in growth rate was observed after the addition of chloramphenicol. Antibiotic production by the r d A strain (61 883) was further suppressed by the addition of chloramphenicol ( I pg ml-I ) to less than I unit rn1-I.
We also measured the time at which the stringent strain 61884 was committed to continue antibiotic production even when excess aspartate was added. Cells were committed after 2.5-3 h (Fig. 4) which coincided with the time at which commitment to sporulation occurred (Ochi ut al.,
1981).
Antibiotic production under guanosine deprivation The stringent response is thought to initiate sporulation of B. subtilis by causing a decrease of intracellular GTP (resulting from the inhibition of IMP-dehydrogenase), and not by the increase of ppGpp itself (Lopez et a/., 1981; Ochi et at., 1982) . Therefore, we wanted to determine whether the increased antibiotic production associated with the stringent response is also caused by the decrease of GTP. For this purpose, we limited the supply of guanosine to the guanine auxotroph 6201 8 (Fig. 5) . Cells were grown with excess guanosine (1 mM) and transferred to the same medium containing different amounts of guanosine; they were then incubated for 10 h. Massive sporulation was obtained when the transfer medium contained less than 150 PMguanosine (Fig. 5) , as previously reported (Freese et al., 1979) . However, antibiotic activity did not increase, but rather it decreased as a result of guanosine limitation. It has been shown that guanosine starvation in strain 620 I8 does not increase the intracellular concentration of ppGpp or pppGpp, but causes a decrease of the GTP pool (K. &hi, J . C. Kandala & E. Freese, un pu bl i shed).
DISC USSlO N
The importance of the stringent response for the initiation of antibiotic production in B. subtitis is apparent from the results reported here. It is especially noteworthy that antibiotic production following aspartate deprivation of Re1 + cells (Fig. 3 ) roughly coincided with sporulation (see Ochi et at., 1981); both showed a maximum at 1.5-2 mM-aspartate. The drop in antibiotic production at very low concentrations of aspartate was presumably due to its unfavourable effect on protein synthesis. Thus, initiation of both antibiotic production (secondary metabolism) and sporulation (differentiation) of B. subrifis are controlled (directly or indirectly) by the stringent response. This accords with earlier findings that antibiotic production in the genus Bacillus is closely associated with sporulation. In contrast, sporulation was initiated independently from antibiotic production, if the intracellular GTP pool of a gua mutant was directly lowered by a limited supply of guanosine (Fig. 5) . Therefore, different 'signals' seem to regulate sporulation versus antibiotic synthesis. It is possible that the initiation of antibiotic production is more sensitive to the stringent response than is the initiation of sporulation, for the following reasons: (i) appreciable antibiotic activity was produced in synthetic medium without aspartate starvation (Fig. I a) , while the spore titre was only of the order of 10' spores ml-(the ppGpp concentration of exponentially growing cells in our synthetic medium was about 4 pmol AMbo,,-'); (ii) slight aspartate limitation (i.e. growth at 10 or 5 mwaspartate) resulted in a considerable increase in antibiotic activity (Fig. 3) . but only a slight increase in spore titre (&hi etal., 1981) . It is believed that ppGppor pppGpp is responsible for the stringent response which affects many cellular reactions. Therefore, it is possible that ppGpp (or pppGpp) takes cells into secondary metabolism by a direct molecular mechanism. Martin et al. (1978) have suggested the importance of low intracellular ATP concentrations for the initiation of antibiotic production in Streptomyes. The initiation of antibiotic production by the stringent response, however, does not result from a decrease in ATP concentration (at least in B. subtilis) as the intracellular ATP concentration actually increases transiently after transfer of bacteria to aspartate-limiting medium (&hi et a/., 1981) .
The antibiotic was produced in parallel with cell growth in a synthetic medium (Fig. 1 a) . The cells growing in the synthetic medium had to synthesize almost all amino acids de now. Such a condition should make the intracellular amino acid pool rather poor compared with that found during growth in nutrient medium, so that a weak stringent response may result during growth in the synthetic medium. Apparently, the addition of a small amount of Casamino acids diminished the response, and antibiotic production was then initiated when the Casamino acids were used up at the end of exponential growth (Fig. lb) . Growth-associated antibiotic production in synthetic media (but not in nutrient media) has been reported for formycin (&hi ct al., 1979), chloramphenicol (Malik 8r Vining, 1972) The stringent response does not depend on the particular amino acid for which starvation is imposed (Gallant, 1979) . It is well known that turnover often occurs during most starvation conditions (Kornberg ef a/., 1968) , so there may be an ample supply of amino acids for antibiotic synthesis. lntracellular protease activity, however, did not increase, but decreased slightly under partial aspartate deprivation. Therefore, antibiotic production may be seriously affected by the particular amino acid for which the bacteria are starved, especially if it is a component of the anti biotic.
Antibiotic production has been known to vary in a number of conditions and strains. Its production is frequently inhibited by the presence of excess glucose, ammonium ions or phosphate. To uncover the mechanism of initiation of bacterial secondary metabolism it may be indispensable to study the relationship between the stringent response and these other regulatory signals.
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